Abstract The biomass of zooplankton communities in Arctic shelf regions is dominated by the calanoid copepod Calanus glacialis. This species spends the winter in deep water, and then, metabolic rates are low. In late winter, it migrates to the surface where the spring generation develops. To date, it is not fully understood what regulates the activity of the copepods and how it coincides with food availability. To fill this gap, we sampled C. glacialis, mainly copepodite stage V, in a high-Arctic fjord in monthly intervals for 1 year and determined proteinase and lipase/esterase activities in relation to food availability and depth distribution of the copepods. By substrate SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis), we tackled changes in specific isoforms. We found a clear seasonal enzyme activity pattern. Activities in winter were reduced by at least 75 % as compared to spring. Substrate SDS-PAGE showed high heterogeneity of lipolytic enzymes, which could reflect extensive accumulation and metabolization of internal lipids. Only one band of proteolytic activity was found, and it intensified with the onset of the algal blooms. In late winter/spring, we sampled females and CIV, which also showed high digestive enzyme activities in surface water and low activities in deep water. High enzyme activities were related to the ice algal and phytoplankton blooms in spring. In autumn, the copepods descended although food was still available.
Introduction
Copepods of the genus Calanus dominate zooplankton communities in northern high latitudes (Jaschnov 1970) . In Svalbard waters, C. glacialis accounts for up to 80 % of the biomass of these communities and links primary production and higher trophic levels (Falk-Petersen et al. 1990; Blachowiak-Samolyk et al. 2008; Søreide et al. 2008) . During its 1-to 2-year life cycle, C. glacialis performs ontogenetic vertical migration and overwinters in deep water and feeds and develops in surface waters in spring and summer (Smith and Schnack-Schiel 1990; Kosobokova 1999) . The overwintering state is commonly referred to as diapause (Conover 1988) . During diapause, copepods arrest their development (Hirche 1991; Scott et al. 2000) and they do not feed but rely on internal energy reserves (Conover and Huntley 1991; Hirche 1996) . In Svalbard waters, C. glacialis usually enters diapause in late July/ early August (Søreide et al. 2010; Daase et al. 2013) . The length of the life cycle and the timing of diapause differ among populations from different ecosystems and have been related to water temperatures (Kosobokova 1999; Niehoff and Hirche 2005) , light (Morata and Søreide 2013) and food availability (Søreide et al. , 2010 Daase et al. 2013 ). Higher temperature may shorten the duration of diapause and the reproductive period in Calanus spp. (Kosobokova 1999; Niehoff and Hirche 2005; Pierson et al. 2013) . The photoperiod may alter the metabolic activity of overwintering copepods, which in turn may hamper their survival (Morata and Søreide 2013) .
C. glacialis converts low-energy carbohydrates and proteins of its algal diet into high-energy wax esters, on which the copepods rely during overwintering (Lee et al. 2006; Falk-Petersen et al. 2009 ). After the long winter season, these reserves are exhausted, especially in females, which use internal lipids for early gonad maturation (Niehoff et al. 2002) . Then, food supply is critical for final gonad maturation and spawning (Hirche and Kattner 1993; Niehoff et al. 2002) and, thus, for the development of a new generation. With climate change, the sea ice cover shrinks and the ice-free period prolongs (Gough et al. 2004; Comiso et al. 2008; Stroeve et al. 2012 ). This will change the underwater light regime and severely impact the timing and intensity of primary production (Arrigo et al. 2008; Kahru et al. 2011) . In turn, this may lead to a mismatch of the growth season of C. glacialis and the timing of spring bloom. Understanding how C. glacialis regulates digestive activities, i.e., in response to ambient food supply or driven by internal factors, is thus essential to estimate its ability to adjust to climate-driven changes in the algal food regime. C. glacialis is one of the major food sources for higher trophic levels, such as carnivorous zooplankton and commercially important fish, but also whales and seabirds (Runge 1988; Beaugrand et al. 2003; Wold et al. 2011; Kraft et al. 2013) . The consequences of such a scenario for Arctic shelf ecosystems are not yet understood, and the knowledge about how this species regulates its digestive activity will help to predict its ability to adjust to climatedriven changes in the algal food regime.
Digestive enzymes link food uptake with the biochemical transformation and assimilation of the ingested components (Mayzaud 1986) . Different enzyme classes catalyze the hydrolysis of alimental components, i.e., proteinases hydrolyze peptide bonds (Mayzaud 1986 ) and lipases/esterases cleave the ester bonds of carboxylic acids (Luppa and Andrä 1983) . At present, the methods only allow for the measurement of maximum potential activities, but not the actual in situ activity. Moreover, enzyme activities do not always respond linearly to food supply but may be influenced by other factors, e.g., metabolic requirements and feeding history (Hassett and Landry 1983; Roche-Mayzaud et al. 1991; Niehoff et al. 2015) . It is thus difficult to use digestive enzyme activities as a proxy for feeding activity in copepods (Oosterhuis and Baars 1985) . However, when digestive enzymes are studied in a seasonal context or compared at different experimental conditions, they can provide detailed insight into the relation between food occurrence and uptake by the copepods (Boucher and Samain 1974; Hassett and Landry 1983) . Accordingly, several laboratory studies, in which either food quantity or quality was manipulated, showed how distinctly enzyme activity can change with dietary conditions (Harris et al. 1986; Kreibich et al. 2008 Kreibich et al. , 2011 Freese et al. 2012) . Studies addressing seasonal aspects of digestive enzyme activities in copepods and especially in Calanus spp. are rare, but indicate less activity during winter than during summer (Hirche 1981 (Hirche , 1983 Tande and Slagstad 1982; Båmstedt 1988; Hassett and Landry 1990) . Hallberg and Hirche (1980) have shown in overwintering non-feeding C. finmarchicus and C. helgolandicus that cells in the gut epithelium, which are believed to produce digestive enzymes, were reduced in winter, thus limiting the ability to digest dietary components even if food was available. Both species inhabit boreal areas where algal growth starts with increasing light intensity and stratification (Fleminger and Hulsemann 1977) . In the Arctic, the productive season is much shorter, and in order to effectively exploit ice algal and phytoplankton blooms, it is vital that the copepods can respond immediately to food availability (Kosobokova 1990; Niehoff et al. 2002; Søreide et al. 2010) . After winter, the copepods thus quickly need to regain a certain level of digestive enzyme activity. In C. hyperboreus, which mainly overwinters in the deep-sea basins of the Arctic oceans below 1000 m water depth (Scott et al. 2002; Auel et al. 2003) , digestive enzyme activity increased already in late winter in the absence of food and this allows the copepods to assimilate dietary components immediately when food becomes available (Head and Conover 1983) . Also C. finmarchicus overwinters in deep water, but can also be found in shelf regions (Hirche 1983; Dale et al. 1999) . In contrast, C. glacialis overwinters mainly in shelf regions in \500 m water depth (Dale et al. 1999; Daase et al. 2013 ), and we do not yet know whether this exhibits a different strategy than C. finmarchicus and C. hyperboreus as information on the seasonal development and regulation of digestive enzyme activities is lacking.
Most enzyme studies measured quantitative enzyme activities only. This approach, however, may mask shifts between isoenzymes, while the total activity does not change (Kreibich et al. 2011) . As the capability to synthesize different enzymes may reflect physiological capacities of a species to respond to lipids derived from food of varying quality or from tissue, we combined total activity measurements with substrate SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis). With SDS-PAGE, enzymes are separated according to their molecular weight by gel electrophoresis (Laemmli 1970) and adding a substrate, e.g., casein (proteinases) or 4-methylumbelliferyl butyrate (lipases/esterases), visualizes active isoforms. Number and location of bands of active proteolytic or lipolytic enzymes on the gels can change considerably with different feeding conditions (Kreibich et al. 2008; Freese et al. 2012 ) and over 1 day as related to the feeding cycle (Guérin and Kerambrun 1982; Kerambrun and Champalbert 1993) .
Measuring enzyme activities and patterns over 1 year, our study aims to increase our understanding of physiological aspects of the feeding biology of C. glacialis, which will help to assess the capability of this species to respond to shifts in its food regime. C. glacialis was sampled monthly in Billefjorden, a high-Arctic sill fjord in Svalbard waters, from July 2012 to July 2013. We chose Billefjorden, because the inner fjord is separated from the outer water masses by a sill of about 40-50 m water depth. Nilsen et al. (2008) have shown that this minimizes advection processes, and thus, Billefjorden provides the unique opportunity to follow one population over a year (Arnkvaern et al. 2005; Grigor et al. 2014) . By sampling in monthly intervals, this study aimed to determine the timing of changes in digestive enzyme activities and patterns and assess its relation to food availability.
Materials and methods

Sampling area and sample processing
From July 2012 to July 2013, C. glacialis was sampled monthly in Billefjorden (78°40 0 N; 16°40 0 E) in Svalbard waters. Billefjorden is a high-Arctic sill fjord, which is located on the west coast of Svalbard (Nilsen et al. 2008) . The maximum water depth of the fjord is about 190 m. A sill of 40-50 m depth restricts the exchange of water masses. In the sampling year, the fjord was ice-covered from February until June 2013 with water temperatures ranging from -1.7 to 5.0°C in the surface. Below 100 water depth, the temperature was around -1°C yearround. Hydrographical data were obtained with a SAIV SD204 CTD or a SBE Seabird Electronics CTD. The chlorophyll a concentration in the water column was determined fluorometrically with methanol as an extraction solvent after Holm-Hansen and Riemann (1978) . Chlorophyll a data were provided by Miriam Marquardt (University Centre in Svalbard (UNIS)). Depending on the sea ice conditions, the sampling location was accessed either by boat (RV Helmer Hanssen, KV Svalbard, Farm), by inflatable boat, or by snowmobile. Copepods were collected with a WP-3 or WP-2 closing plankton net with a vertical messenger-operated closing mechanisms (HydroBios, Germany) (1000 and 200 lm mesh size, respectively). For biochemical analyses, copepods were sorted from the 180 to 100 m depth interval in autumn and winter (from July 2012 to February 2013 and in July 2013) and from 50 m depth to the surface in spring and summer (in July 2012 and from March to June 2013), depending on where animals occurred in the highest abundances, as roughly estimated by eye. Later in the laboratory, abundances were determined from additional net samples, which were preserved in 4 % formaldehyde buffered with borax. Immediately after capture, the samples were either processed in a controlled temperature room onboard a research vessel or transported to the laboratories of UNIS. Copepods of copepodite stage IV (CIV), stage V (CV) and adult females (CVIF) were sorted alive under a stereomicroscope at ambient temperature and snap-frozen in liquid nitrogen. Individuals were transported in seawater, and depending on the means of transport, the time lag between sampling and sorting of individuals ranged between 2 and 24 h. In Calanus spp. it takes between 1 and 2 weeks before digestive enzyme activities change significantly (Hassett and Landry 1983; Head and Conover 1983) and thus, within the time frame of 24 h changes in enzyme activities should be negligible. Samples were stored at -80°C until further analysis.
Analyses of enzyme activity
Digestive enzyme activities, i.e., proteinase and lipase/ esterase activities, were determined in triplicates in each sample, which contained ten individuals each. All samples were homogenized by hand with a micropestle in 200 ll ice-cold 0.1 M Tris/HCl (supplemented with 10 mM CaCl 2 ) buffer at pH 7.0 for approximately half a minute. Homogenates were centrifuged at 15,000g at 4°C for 15 min (Thermo Scientific, Heraeus Fresco 17). In order to gain optimal activity results and to prevent protein denaturation at the same time, assay temperatures and pH were chosen close to the optima for the respective digestive enzymes. In calanoid copepods, proteinase activity peaks at 40/50°C and pH 6/7 and lipase/esterase activity is the highest at 30°C and pH 7 (Knotz et al. 2006; Solgaard et al. 2007; Freese et al. 2012 ). In addition, we determined dry mass (DM) of C. glacialis. At each sampling day, 24 copepods were individually placed in pre-weighed Sn cartridges and dried for 48 h at 60°C. DM was determined gravimetrically, and these data were used to calculate enzyme activities per DM to account for changes in body mass.
Proteinase activity
Total proteinase activity (EC 3.4.21-24) was measured after Saborowski et al. (2004) , modified after Kreibich et al. (2008) . Twenty microliters of sample or 20 ll buffer for the controls was pre-incubated on a thermo-shaker for 5 min at 30°C. Subsequently, 5 ll azocasein (1 % in deionized water, Fluka BioChemika, 11615) was added to Polar Biol (2016 ) 39:2241 -2252 2243 the reaction tubes, which were incubated for another 60 min at 30°C. Fifty microliters of trichloroacetic acid (TCA, 8 % in deionized water) was added to stop the reaction, and samples/controls were centrifuged at 15,000g at 4°C for 15 min to obtain supernatants, which then were transferred into an ultra-microcuvette (Hellma 105.203-QS). The optical density of the supernatants was measured with a spectrophotometer (Thermo Scientific, UV1) at 366 nm (dE 366 ) and recorded with the software VisionLite (version 2.2).
Lipase/esterase activity
Lipase/esterase (carboxylic ester hydrolases; EC 3.1.1) activities were measured after Knotz et al. (2006) . As substrate, 10 ll 4-methylumbelliferyl butyrate dissolved in dimethyl sulfoxide (5 mmol L -1 , MUF butyrate, Fluka BioChemika, 19362; DMSO, AppliChem A3608) was added to 20 ll sample or 20 ll buffer (controls) and 470 ll 0.1 M Tris/HCl (supplemented with 10 mM CaCl 2 ) buffer at pH 7.0. Standard curves were made with the fluorescent compound 4-methylumbelliferone (MUF, Sigma M1381) in DMSO (15.625-1000 lmol l -1 ). Samples and controls were incubated in the dark on a thermo-shaker at 25°C for 30 min. Enzyme activities were calculated from the fluorescence, which was determined with a NanoDrop 3300 at 360 nm (excitation) and 450 nm (emission) and recorded with the software ND-3300 V 2.7.0. Autolysis of MUF butyrate was measured and subtracted from the assay results.
Substrate SDS-PAGE
To reveal proteinase and lipase/esterase enzyme activity bands, proteins were separated by discontinuous substrate sodium dodecyl sulfate-polyacrylamide gel electrophoresis (substrate SDS-PAGE) modified after Laemmli (1970) and Kreibich et al. (2011) for lipase/esterase and after Freese et al. (2012) for proteinase patterns. Sample homogenates were diluted 1:2 with sample buffer (25 % 0.5 Tris/HCl buffer at pH 6.8, 0.02 % bromophenol blue, 30 % glycerin, 4 % SDS) and were applied on mini-gels, which consisted of a running gel (1.5 M Tris/HCl buffer at pH 8.8) and a stacking gel (0.5 Tris/HCl buffer at pH 6.8). To visualize proteinase bands, 0.05 % casein fluorescein isothiocyanate from bovine milk (FITC-casein, Sigma C0528) was pipetted in a concentration of 0.5 mg/ml into the still liquid running gel prior to the run. In order to determine the molecular weight, the detergent SDS was used to separate proteinases and lipases/esterases according to their size and thereby their molecular weight. To minimize denaturation of the enzymes, the samples were neither treated with mercaptoethanol nor heated before applying on the gels.
Any differences in the intensity of bands on the gels result from intraspecific differences in the protein content. Ten microliters of sample and 5 lL of a molecular marker (Roti Ò -Mark Standard, Roth T851) were applied onto the gels. The running conditions for two (proteinase and lipase/ esterase) gels were 300 V, 30 mA and 2°C for approximately 1 h in a vertical gel electrophoresis chamber (Hoefer, Mighty Small II SE 250), which was filled with electrode buffer (25 mM Tris/HCl buffer with 0.192 M glycine and 0.1 % SDS, pH 8.3).
After the run, the gel for the documentation of the lipolytic activity patterns was first placed in 2.5 % Triton X 100 (in 50 mM phosphate buffer at pH 8.0) for 30 min and then washed in 50 mM phosphate buffer at pH 8.0. To visualize lipase/esterase bands, the gel was incubated in a 100 lM MUF butyrate solution in 50 mM phosphate buffer at pH 8.0 for approximately 10 min (Díaz et al. 1999 ). The proteinase gel was washed in 2.5 % Triton X 100 (in 0.1 M Tris/HCl (supplemented with 10 mM CaCl 2 ) pH 8.0), rinsed with deionized water and placed in 0.1 M Tris/ HCl (supplemented with 10 mM CaCl 2 ) pH 8.0 for 120 min. Then, the lipase gel was stained in a Coomassie Brilliant Blue (CBB) G Ò -250 solution (5 % aluminum sulfate, 10 % ethanol, 2 % phosphoric acid), and the proteinase gel was stained in a CBB R Ò -250 solution (50 % methanol, 7 % acetic acid). Gel images were taken with a gel documentation system (Gel Doc TM EZ Imager, BioRad) under UV light (for lipolytic enzyme patterns) and under transmission light (for proteolytic enzyme patterns and documentation of markers). Analysis was performed with Image Lab 5.0 software (Bio-Rad).
Water-soluble protein content
To assess the presence of tissue-degrading proteinases, water-soluble protein content was determined in the sample homogenates after Bradford (1976) using a Bio-Rad protein assay (BIO-RAD 500-0006). Bovine serum albumin was used (0-0.1 mg/ml) as a standard. Samples were diluted 1:27 in distilled water, and 50 ll diluted sample was added to 250 ll protein assay, which was diluted 1:5 in distilled water. The assay was incubated for 15 min at 25°C in a 96-well plate, and the absorbance was measured at 600 nm and 25°C with a Synergy HTX Multi-Mode Reader and the software KC4 3.4 Rev. 21.
Statistical analysis
Statistical analysis was performed using the free software R 3.0.1. The Shapiro-Wilk test was applied to test data for normal distribution. For normally distributed data, which showed variance homogeneity, one-way ANOVA was applied and followed by Tukey's post hoc tests. For non-normally distributed data, Kruskal-Wallis tests were used and followed by Tukey's post hoc tests. Spearman's rankorder correlation was performed in order to identify dependencies between digestive enzyme activities and chlorophyll a. Five percentage (a = 0.05) was determined as level of significance. Results were regarded as statistically significant and the null hypothesis was rejected, if the p value was lower than the a level.
Results
Digestive enzyme activity over 1 year In July 2012, when our study started, the copepods began to migrate from the surface to deeper water layers. They were therefore found in relatively high abundances throughout the water column at that time. We used this opportunity to compare individuals from the upper 50 m and from deep waters and found that the proteinase activity was high in CV from surface waters (5.6 ± 0.3 dE 366 h -1 mg DM -1 ) and low in CV captured at depth [ 100 m (1.3 ± 0.3 dE 366 -h -1 mg DM -1 ). For the rest of the year, until December 2012, most CV were found below 100 m and their proteinase activities remained low. Also in CIV, sampled in October 2012 during a cruise with RV Helmar Hanssen, the specific enzyme activity was low (Fig. 1) . In January and February 2013, before the copepods began their ascent to the surface, the specific proteinase activities in CV were slightly, but not significantly, higher as compared to those in December (Fig. 1a) . The individual activity (Fig. 1b) , however, had not changed, and thus the increase can be attributed to a loss in body carbon which we observed at that time. In January and February, females were abundant at depth, possibly due to molting of the CV. Their activities were as low as those of the CV (Fig. 1a, b) . From March to May 2013, the numbers of CV were too low for measuring enzyme activities. We therefore focused on CIV and CVIF, which then were the most abundant stages. From January to March, the proteinase activities of both developmental stages were low (specific enzyme activity below 1.5 dE 366 h -1 mg DM -1 ). Ice algae developed at the end of March and later, in April, the chlorophyll a concentrations in the water column increased. Coincidently, the proteinase activities had increased in April, being significantly higher than in all other months (one-way ANOVA p \ 0.05, Tukey's post hoc test). At that time, the copepods had migrated upward and were found mainly above 50 m. Females almost vanished during April, while CIV were still abundant at the end of April and in May 2013 and could thus be analyzed. In both months, the specific activities of the CIV were higher as compared to all other stages. In June and July 2013, CV again reached high abundances. They concentrated in the upper water column, and in June their specific proteinase activity was significantly higher as compared to all other sampling days during the rest of the year (one-way ANOVA p \ 0.05, Tukey's post hoc test). In July 2013, most of the CV had already descended and at depths[100 m their proteinase activity was as low as that of the overwintering CV of the previous generation.
In general, the lipase/esterase activities followed a similar pattern, and accordingly, proteinase and lipase/esterase activities correlated significantly in all three stages (CIV: Spearman's rank-order correlation (SR): 0.90, p \ 0.001; CV: SR: 0.83, p \ 0.001; CVIF: SR of 0.92 p \ 0.001). In July 2012, the lipase/esterase activity was relatively high (221.3 ± 43.2 nmol h -1 mg DM -1 ) in CV captured at the surface, while it was low in those which had already descended to depth [100 m (178.4 ± 38.8 nmol h -1 mg DM -1
). During the rest of the year, the lipase/esterase activities were low at about 120 nmol h -1 mg DM -1 in CV as was the activity in the CIV captured in October 2012 at depth[100 m (Fig. 2a) . In January and February, when the specific proteinase activity had increased, also the specific lipase/esterase activities in the CV increased (one-way ANOVA p \ 0.05, Tukey's post hoc test). The activities in females at that time were in a similar range (around 150 nmol h -1 mg DM -1 ). In March, when only females and CIV were present in high numbers, the specific lipase/ esterase activity of the CIV was less than half of that of the females and the CV in January and February. In early April, the activities had increased significantly in both females and CIV (one-way ANOVA p \ 0.05, Tukey's post hoc test), and in CIV they reached maximum values in May (351.5 ± 25.4 nmol h -1 mg DM -1 ). Overall maximum activities, however, were found in the CV from the upper 50 m in June 2013 (458.4 ± 29.7 nmol h -1 mg DM -1 ). In July, when most of the CV had migrated to below 100 m depth, the activities were significantly lower than in June (one-way ANOVA p \ 0.05, Tukey's post hoc test), but still higher than during autumn and winter 2012 (Fig. 2a, b) .
Enzyme pattern unraveled by substrate SDS-PAGE
Substrate SDS-PAGE was applied to reveal if the composition of isoenzymes was different among the stages of C. glacialis or seasons. We sampled the different stages whenever abundant, and thus we managed to cover all seasons, i.e., late summer (August, CV), autumn (October, CV), winter (January, CV and females), spring (March, CIV; May, CIV) and again summer (June, CV). Most samples did not show any proteolytic bands, and the variety of isoenzymes was poor as we found only one band at 23 kDa. This band was found in CV in June (Fig. 3 a) and CIV (Fig. 4b) in May, when they resided in the upper 50 m. Interestingly, the proteolytic band appeared in females already in January when they still inhabited deep waters. In April, when females Polar Biol (2016 ) 39:2241 -2252 2245 were feeding in surface waters, the band was more intense as compared to January (Fig. 4a) . In contrast to proteolytic activity, lipolytic activity was found in all samples, and the intensity of the bands varied among the CV from the different seasons (Fig. 3b) . When the CV resided in surface waters, activity was the highest in June and numerous bands were found between 30 and 169 kDa. In August, when CV were captured below 100 m, there was only one major band of activity at 169 kDa. Minor bands were found at 117 kDa and between 30 and 40 kDa. In October and January, all bands were more intense, suggesting higher lipolytic activity, which was reflected in net enzyme activities (Fig. 2) . Like in CV, lipolytic activity bands in females were visible between 30 and 169 kDa in January and intensified in early April (Fig. 5a ). In CIV in March, the lipolytic activity was reflected by only one major band of lipolytic activity at 169 kDa, while in May, there were major activity bands between 30 and 169 kDa (Fig. 5b) .
Water-soluble protein content
The water-soluble protein content ranged between 30 and 70 lg indv.
-1 in CIV, 60 and 85 lg indv.
-1 in CV from July 2012 to February 2013 and 35 and 50 lg indv.
-1 in CV in June/July 2013, and 35 and 90 lg indv.
-1 in CVIF (Table 1) .
Discussion
The digestive activity of C. glacialis followed a clear seasonal pattern with high values when the copepods were feeding in surface waters and low values when they resided at overwintering depth. Similar depth-and season-related patterns in digestive activity were previously found in the mainly herbivorous calanoid copepod Pseudocalanus minutus in Svalbard waters (Lischka et al. 2007 ). In C. finmarchicus and C. helgolandicus, the numbers of the socalled B cells, which are located in the gut epithelium and which are responsible for the production of digestive enzymes, are reduced during winter (Hallberg and Hirche 1980) . These species would thus not be capable of efficiently digesting food even if algae were available. Other authors, in contrast, suggested that C. finmarchicus feeds on microzooplankton and detritus during winter (Marshall and Orr 1958) . Their study, however, focused on a population in the Clyde Sea, where food availability does not ) was integrated over the water column from 75 m to surface, except for July 2013 (from 35 m to surface). Ice algae were present from mid-March to end of April/beginning of May. dE 366 : the optical density at 366 nm. DM: dry mass cease completely. In the Arctic, winter-feeding of the mainly herbivorous C. glacialis is not likely for the population that overwinters in deep waters and minimum lipase and proteinase activities in our study should reflect the basic digestive potential without feeding. Low digestive enzyme activity at starvation has previously been shown in other copepod species and was explained as a metabolic adjustment to save energy (Hassett and Landry 1983) . In Temora longicornis from the Southern North Sea, for example, the proteinase activity in females starving for only 3 days had decreased to 25 % of that of feeding females (Kreibich et al. 2008) . As compared to this small copepod species, which lives in a habitat with continuous food supply, C. glacialis kept relatively high lipolytic and proteolytic potentials over the entire winter with approximately 25 and 10 %, respectively, of the maximum activities. According to Hassett and Landry (1983) , such strategy might be advantageous for copepods that live in environments with strong variations in food supply. This should also be true for C. finmarchicus and C. helgolandicus, as they too overwinter at great depths without food. Hirche (1983) , however, found trypsin and amylase activities close to zero in overwintering individuals and up to 20-fold higher values in feeding individuals. Also Lischka et al. (2007) found trypsin activities of \13 % in the non-diapausing species P. minutus during winter compared to summer. However, it has to be kept in mind that both studies (Hirche 1983; Lischka et al. 2007 ) measured activities of specific enzyme classes, while we studied total proteolytic and lipolytic activities as not to exclude potential enzymes. It is thus possible that the comparably high proteolytic activities in C. glacialis reflect the potential of proteinases other than trypsin, e.g., metalloproteases, which are involved in the degradation of tissue proteins and which were detected in C. finmarchicus (Solgaard et al. 2007 ). We did not, however, observe any significant changes in water-soluble protein content during winter, which suggests a minor role of tissue-degrading metalloproteases. In C. glacialis, SDS-PAGE revealed a proteolytic activity band at 23 kDa. It needs to be noted that single activity bands on the gels may present subunits of the same enzyme. The molecular weight of 23 kDa has been defined to be typical of isoforms of both trypsin and chymotrypsin and both cleave dietary proteins (Saborowski et al. 2004; Teschke and Saborowski 2005) . In our study, it remains open which enzymes exactly contributed to the proteinase band in C. glacialis as a detailed biochemical analysis of single bands was beyond our scope.
In comparison with other crustaceans, such as the crabs Cancer pagurus and Maja brachydactyla, which showed several proteolytic activity bands in the range from 20 to 70 kDa (Saborowski et al. 2004; Andrés et al. 2010) , C. glacialis exhibited little variety in proteolytic isoenzymes, i.e., SDS-PAGE shows only one band at 23 kDa (this study, Freese et al. 2012) . Lipolytic enzymes, in contrast, were more heterogeneous, which may reflect the importance of the lipid metabolism in C. glacialis. During the productive season, individuals cleave diet-derived lipids, and during overwintering, they metabolize their internal lipid stores, which are mainly wax esters (Lee et al. 2006; Falk-Petersen et al. 2009 ). Thus, C. glacialis likely uses both digestive lipases, which cleave nutritive lipids, and intracellular lipases, which cleave triacylglycerides in tissue lipids (Vihervaara and Puig 2008; Rivera-Pérez et al. 2010) . This can also explain why the variety of lipolytic activity bands was higher in C. glacialis than in the North Sea copepod T. longicornis, which relies on protein rather than lipid metabolism (Båmstedt 1986; Kreibich et al. 2011) . The mechanisms that control timing and duration of dormancy in winter and activity during the productive Arctic season are controversially discussed. Some authors suggest that internal cues, i.e., threshold levels of total lipid content or hormones (Irigoien 2004; Clark et al. 2013) , regulate onset and end of overwintering, while others discuss environmental conditions such as temperature and light (Kosobokova 1990; Miller et al. 1991; Hirche 1996; Niehoff and Hirche 2005; Varpe et al. 2007) . Since the seasonal cycle in the food regime is most prominent in Arctic ecosystems, also food availability has often been suggested to have a major influence on the timing of diapause (Mayzaud and Poulet 1978; Hirche 1981; ). In our study, the digestive activities increased in females and CIV of C. glacialis in late March/early April, when ice algae developed, and high digestive enzyme activities corresponded to the phytoplankton bloom. A close correlation between the start of the algal spring bloom and high digestive enzyme activity was also found in the non-diapausing species P. minutus (Lischka et al. 2007 ). This contrasts a previous study on C. hyperboreus, which presents evidence for the internal regulation of enzyme synthesis prior to food supply (Head and Conover 1983) . In C. finmarchicus, in contrast, digestive enzyme activity increased only after food became available in Kosterfjorden, Sweden (Båmstedt 1988) , suggesting that in this species enzyme synthesis is triggered by feeding. Depending on their life cycle and distribution area, the three Calanus species may follow different strategies regarding the induction of metabolic processes, such as synthesis of new enzymes in spring, i.e., C. hyperboreus before the spring bloom, C. finmarchicus after the start of the spring bloom and C. glacialis with the onset of the bloom (Tande and Slagstad 1982; Head and Conover 1983; Båmstedt 1988 ; this study).
It has to be noted that the copepods migrated downward and upward in only a few weeks while our sampling interval was approximately 1 month. Sampling at higher frequency was unfortunately not possible due to logistical constraints. Based on our data, we suggest future studies to closely follow the changes in digestive activity only during these transition phases in July/August and March/April. Such studies would be essential to precisely estimate the timing of physiological changes.
Conclusion
Our study showed a clear seasonal pattern in digestion of C. glacialis, with high digestive activities in individuals in surface waters during the productive season and low activities in diapausing individuals in deep waters. High correspondence between activity levels and food abundance suggests that digestive enzyme synthesis was related to food availability, rather than being regulated internally or being triggered by the vertical distribution of the copepods in the water column. The copepods ascended well before algae developed and, because feeding probably stimulated increased digestive activity, C. glacialis should be capable of exploiting earlier phytoplankton blooms. The descent started, however, before food supply had ceased in surface waters, suggesting that the copepods would not benefit from phytoplankton late in the season.
